Aeromonas salmonicida is an important pathogen of salmonid species in which it is the etiological agent of the systemic disease furunculosis. In the acute form of this disease, bacteria grow rapidly in the major body organs, producing a terminal septicemia, often accompanied by severe tissue necrosis. Subacute, chronic, and latent forms of this disease have also been reported, and there is strong evidence linking virulence with the presence of an additional cell wall layer, the A-layer (5, 14) . Thus, the A-layer is present in virulent cells, which autoaggregate during growth, whereas it is absent in attenuated strains, which are also nonaggregating (6, 13, 14) . At least part of the contribution of the A-layer to virulence appears to derive from its acting as a protective barrier. The layer has been shown to protect the cell from serum complement (7) , and outside the host, the layer also protects the bacterium from lytic bacteriophage (5) . The A-layer is composed of proteins of a molecular weight of 50,000 arranged on the outer membrane of the cell wall in a square lattice (3, 6, 8, 13, 14) .
We have used computer image processing of electron micrographs of negatively stained A-layers from A. salmonicida to investigate the morphology and arrangement of these subunits. We demonstrate here that there are two different patterns present in these micrographs and show that each has two types of morphological unit arranged in an alternating manner to give face-centered patterns. The orientation of one of these morphological units changed by about 200 between patterns, and this altered the size of the gaps in the layer. We speculate that this may reflect a structural transformation in the layer that may modulate its permeability.
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MATERIALS AND METHODS
Bacteria and growth conditions. A. salmonicida A450 was used throughout and was grown as described by Phipps et al. (8) .
Electron microscopy. We found it most convenient to examine whole mounts of bacteria negatively stained with unbuffered 1% aqueous ammonium molybdate as described by Ishiguro et al. (5) . Thus, cells attached to grids were washed with stain, and often areas suitable for examination sloughed off and became attached to areas of the grid adjacent to the body of the cell. Platinum-shadowed freezefracture replicas of whole cells were prepared as described previously (12) . Micrographs were recorded at 80 kV at a magnification of x30,000 with a Philips EM400T electron microscope. Magnification was calibrated with the 2.83-nm spacing of negatively stained sheaths of Methanospirillum hungatei which were themselves calibrated against thallous chloride by high-angle electron diffraction (12) .
Image processing. Areas of electron mirographs were initially examined by optical diffraction to determine lattice parameters and degree of preservation. Areas that showed spots to resolutions of better than 3 nm and in which the first minimum of the contrast transfer function was at a somewhat higher resolution (generally about 2 nm) were digitized at spacings corresponding to about 0.7 nm on the original object. When required, Fourier transforms were computed from areas of 512 by 512 pixels, and images were filtered as described elsewhere (10) . Generally, however, the disorder of the lattice was too marked to enable higher-resolution data to be easily extracted by Fourier-based filtering methods. We therefore employed correlation-averaging methods to enhance the signal-to-noise ratio of the images by the general procedure described in detail by Crepeau and Fram (2). These methods rely on determining the position of each unit cell in the array by computing the cross-correlation map between the whole array and a smaller area, which we chose to be slightly larger than two unit cells. When the location of each unit cell was known, the unit cells were superimposed to produce an average for the area. This is formally what is achieved by Fourier-based filtering of completely regular arrays but is more efficient for the objects examined here because it takes account of the distortions present in the lattice. Ideally, the signal-to-noise ratio should have increased as the square root of the number of unit cells averaged, but in practice errors in locatingthe center of each cell detracted slightly from this figure.
After superposition averaging of each area, Fourier coefficients (structure factors) were obtained' by transformation of each unit cell. Data from differelt areas were then combined and averaged based on p4 symmetry (4) to give the values listed in Table 2 . After referring to a fourfold axis, phase residuals from O0 or 180°were generally less than 10°. Final reconstructed images of each type of pattern were produced from these data by Fourier inversion. Computations were carried out by a Digital Equipment Corporation VAX 11/780 system, and final images were displayed on an AED 767 terminal with software written by Tom Ceska, Terry Horsnell, Ed Egelman, and Judy Smith.
As with all image processing of this type, the data are most reliable with reference to the position and shape of the morphological subunits. Because it is not possible to determine unequivocally the density corresponditng to the boundary of the units, the indications of particle size in the reconstructed images should be considered approximate.
RESULTS
General appearance of the A-layer. Electron micrographs of A-layers from A. salmonicida A450 negatively stained with ammonium molybdate typically showed square patterns ( Fig. 1) which, on close inspection, appeared to be of two types. The first type of pattern (type I pattern) showed the square lattice appearance more strongly ( Fig. 1 and 4a) , whereas in the second (type II pattern) the square lattice pattern was less marked and there was a more "basket weave" appearance ( Fig. 1 and 4b) . At low resolution, pattern I appeared to have higher contrast. Both patterns were often found in the same field, but each fragment of the A-layer in the field usually showed either one pattern or the other. Fragments containing a mixture of the two patterns were rarely observed and whenever the two patterns were seen next to one another, there was always a clear boundary between the two areas ( Fig. 2 ). Both types of pattern were seen with approximiately the same frequency. These two types of pattern are clearly present in micrographs published by previous authprs (5, 14) although they did not comment on this feature. Freeze-fracture replicas of whole cells showed the A-layer as a line of roughly spherical particles about 5 to 8 ntn in diameter arranged outside the outer membrane of the cell (Fig. 3 pattern gave well-defined optical diffraction patterns, although the disorder present in the images meant that patterns had to be recorded from comparatively small areas. Figure 4 shows the two types of optical diffraction pattern obtained. In each case, the original image and its optical diffraction pattern clearly had fourfold rotational symmetry, and so each lattice had p4 symmetry (4j. There was, however, a striking feature of the diffraction patterns obtained: in each case the pattern clearly corresponded to a larger unit cell than that indicated by simple visual inspection. In both types of optical diffraction pattern, reflections were present between those predicted by a simple square lattice (some examples are circled in Fig. 4c and d) which indicated that the true unit cell was larger, with each alternate morphological unit being different from its nearest neighbors. This is illustrated schematically in Fig. 5 in which the two types of subunit are referred to as A and B.
Type I patterns. Occasionally areas of type I pattern were found that were sufficiently large and perfect to enable Fourier filtering, and Fig. 6 shows a typical result obtained. However, because of the substantial disorder present in these images, high-resolution information was more reliably extracted by using cross-correlation methods to locate the position of each unit cell in the array, followed by superposition averaging (2) . Not all unit cells were located accurately, and so only those which showed high correlation (generally 50 to 75% of the cells analyzed) were used to produce an average unit cell by superposition. In all, five areas were processed in this way, with the order of 100 unit cells from each being averaged, and as illustrated in Fig. 7a through e, they all gave very similar results and had very similar lattice constants (Table 1) , with a mean of 11.3 nm (which corresponds to a nearest-neighbor separation of 8.0 nm). Fourier coefficients were extracted from each and averaged to produce those shown in Table 2 , which were then used to produce the final reconstructed image shown in The general appearance of the reconstructed layer was the same in both the Fourier-filtered image (Fig. 6 ) and in the final reconstructed image derived from the cross-correlation superposition (Fig. 8a) . Each showed two similar but morphologically distinct structural units which alternated so that one unit always had the other unit as its four nearest neighbors. One type of unit was essentially annular, whereas the other was composed of four smaller units arranged in a square planar configuration.
Type II patterns. It was difficult to find areas of the type II pattern that were sufficiently large and regular for Fourier filtering, and so only cross-correlation averaging was employed with these images. Again five areas were processed, and the individual images obtained after superposition of the order of 100 unit cells in each case (Fig. 7f through j Figure 8b shows the final reconstructed image from the five areas of type II pattern processed, and it contains two types of morphological units which are very similar to those seen in the type I patterns. One unit is similar to the annular unit of the type I pattern, although in the type II pattern it is somewhat more square. (However, this could be a result of density from the adjacent square planar unit merging with the annular unit as a consequence of the limited resolution of the study.) The annular unit was also relatively less dense in the type II pattern, and its central dark area was less dense than in the type I image. The second type of unit, composed of a square planar array of four subunits, was clearly also present in the type II pattern, although its orientation had changed from type I so that it was rotated by about 200 clockwise. This difference in orientation and the much greater density of the dark area between morphological subunits were clearly significant differences between the two patterns. However, the slight differences between the two types of morphological subunit (such as the relative densities of the dark areas at the center of each type of unit) were at about the noise level of the data, and although they may reflect a small structural change within morphological subunits, they should not be afforded great significance until higher-resolution data are available. Fig. 1 and 4a) once one knows what to look for. Thus, when one is alerted to the difference, one can often see that the type I pattern micrographs are made up from alternating round and square units, although it is only rarely that one can make out the four subunits in the latter pattern. Often one can also see that the central "hole" is more pronounced in alternating units. The presence of two different morphological units was perhaps unexpected since biochemical studies have indicated that the A-layer is composed primarily of one protein with a molecular weight of 50,000 (8) . Although earlier studies suggested that the protein may be present in a number of isoforms, recent work (B. M. Phipps and W. W.
DISCUSSION
Kay, personal communication) indicates that these isoforms were preparative artifacts probably arising from deamidation during handling and storage of the protein. These isoforms were not seen when a single-step isolation procedure was used, providing stronger evidence that the A-layer is composed of a single protein species. The biochemical results could be reconciled with the appearance of the patterns in two ways. First, although the patterns appear to conveniently subdivide into two different morphological units, these need not correspond to the actual protein subunits and, for example, a single polypeptide chain could be found partially in one morphological unit and partially in the other. Thus, if the protein had two domains, one domain could constitute one-quarter of the annular morphological unit, and the other domain could constitute one of the four subunits of the square planar morphological unit. A second way in which the biochemical data could be reconciled would be if the protein chains assembled in groups of four and alternate groups of four had opposite polarity in the plane of the A-layer. Thus, the annular morphological unit could represent the "up" orientation, and the square planar unit could represent the "down" orientation. This second explanation, however, would require an overall lack of polarity that is rare in this sort of system. In principle, one could decide between these alternatives if the density of the layer were known. The area in projection occupied by a single protein molecule in the first alternative (in which there are 4 molecules per unit cell) is twice that occupied in the second (in which there are 8 molecules per unit cell), and so one would expect the layer in the first alternative to be only Clearly the type I and type II patterns are very closely related and seem to differ mainly in the orientation of the square morphological unit. It was unlikely that this difference could be due to the presence of two different strains, because both patterns were seen on material that appeared to derive from a single negatively stained fragment of the layer (Fig. 2) . The possibility that the two different patterns derived from differential staining of the structure must also be considered. This would suggest that the type I pattern could have derived from a layer deeply embedded in stain so that the entire structure was seen, whereas the type II pattern resulted from layers only partially stained so that only the lower part of the structure was seen. However, one would not expect the substructure of the square morphological unit to be so clear in the type I pattern if this were the case, as there would be some blurring from the underlying type II pattern square units having a different orientation. Furthermore, one would not expect differential staining to produce a change in lattice constant between patterns. A related explanation would be that the two patterns represented different sides of the layer as was proposed, for example, in the regular surface layer of Sporosarcina ureae (10) . Only one side of the layer might have been stained because of denaturation of the side closest to the supporting film or because of an insufficiently thick layer of stain. One feature that supported this explanation was the observation that the hand of the type II pattern was always the same. This was certainly consistent with the two patterns representing different sides but could also simply have indicated a preferred attachment of one side of the A-layer to the Iiisupport film. However, the systematic difference in lattice spacing between the two types of pattern (Table 1) was not consistent with this explanation because one would expect that the spacing should be the same on both sides of the layer. Furthermore, the presence of both patterns (Fig. 2) in a single fragment of the layer (that was clearly not folded) makes this explanation unlikely.
If the difference between the type I and II patterns was not a result of two strains being present and was not due to some form of differential staining, then it may indicate a systematic transformation in the structure of the A-layer. Thus, rather than simply describing the difference between the patterns as a rotation of the square morphological unit, one might propose that the rotation of the square morphological unit produced a change in the structure. This would be consistent with the increased lattice spacing in the type II . Each pattern is made up of two sorts of morphological unit arranged as described in the legend to Fig. 3 . One type of unit is annular, whereas the other is composed of a square planar array of four subunits. As in all processing of this type, the exact boundary of the units cannot be established unequivocally, and so these images should be taken only to represent the general position and shape of the morphological units and not strictly their size. Bar is 25 nm.
patterns, because the rotation of a rigid square unit from the orientation seen in pattern I to that seen in pattern II would be expected to change the spacing between adjacent annular units. A rotation of 200 would be expected to increase the lattice spacing by about 5%, which was close to the 8% increase observed.
One striking difference between the type I and II patterns was that the size of the dark area between the morphological units in the layer was much greater in the type II pattern. By analogy with other bacterial surface layers (1, 9-11), these dark areas of high stain density probably represented holes or gaps in the layer, and so if the two types of pattern represented a structural transformation of the layer, this transformation would probably be linked with a marked change in the permeability of the layer. This could be of some physiological importance in Aeromonas spp., in which a number of active substances, such as hemolysin and proteases, are produced and probably contribute to the pathogenesis of infection. Thus, a transformation of the A-layer from type I to type II could increase its permeability and so facilitate release of these and other putative virulence factors. In this way, the rotation of the A-layer subunits could result in a change in its permeability somewhat analogous to that proposed for eucaryotic gap junctions (15) . We stress that this proposal is speculative and is, of course, based on the interpretation of the two patterns seen as reflecting a systematic structural transformation of the Alayer. Although our data are certainly consistent with this explanation (and also seem inconsistent with alternative explanations) we have not been able to systematically effect the change. We are currently exploring this problem to determine whether we can devise conditions that result in entirely type I or type II patterns and thereby obtain more direct evidence for a structural transformation.
